Neuroimaging studies of spontaneous signal fluctuations as measured by resting-state functional magnetic resonance imaging have revealed age-related alterations in the functional architecture of brain networks. One such network is located in the medial temporal lobe (MTL), showing structural and functional variations along the anterior-posterior axis. Past cross-sectional studies of MTL functional connectivity (FC) have yielded discrepant findings, likely reflecting the fact that specific MTL subregions are differentially affected in aging. Here, using longitudinal resting-state data from 198 participants, we investigated 5-year changes in FC of the anterior and posterior MTL. We found an opposite pattern, such that the degree of FC within the anterior MTL declined after age 60, whereas elevated FC within the posterior MTL was observed along with attenuated posterior MTL-cortical connectivity. A significant negative change-change relation was observed between episodic-memory decline and elevated FC in the posterior MTL. Additional analyses revealed age-related cerebral blood flow (CBF) increases in posterior MTL at the follow-up session, along with a positive relation of elevated FC and CBF, suggesting that elevated FC is a metabolically demanding alteration. Collectively, our findings indicate that elevated FC in posterior MTL along with increased local perfusion is a sign of brain aging that underlie episodic-memory decline.
Introduction
Aging is associated with declining cognitive performance (Nilsson et al. 1997; Nyberg et al. 2003; Nilsson et al. 2004 ) and concomitant alterations in brain structure (Raz et al. 2005; Fjell et al. 2009; Salami et al. 2011) , dopaminergic neurotransmission (Bäckman et al. 2006; Bäckman et al. 2010) , cerebral blood flow (CBF) (Zarrinkoob et al. 2015) , metabolism (Kalpouzos et al. 2009; Segobin et al. 2015) , and task-induced functional activation across various cognitive domains (Grady 2012; Salami et al. 2012; Nyberg et al. 2014; Salami et al. 2013) . In addition, neuroimaging studies of spontaneous fluctuations in blood oxygen level-dependent signal (BOLD) measured by resting-state functional magnetic resonance imaging (fMRI) have revealed age-related alterations in the functional coupling of distal brain regions (Andrews-Hanna et al. 2007; Damoiseaux et al. 2008; Biswal et al. 2010; Allen et al. 2011; Mowinckel et al. 2012; Salami et al. 2014; Ferreira et al. 2015) . Relative to younger adults, older adults show decreased functional connectivity (FC) in several cortical resting-state networks (RSNs), including the fronto-parietal control network and the cortical default mode network (DMN; for a comprehensive review, see Ferreira and Busatto 2013) .
Within the DMN, which entails interactive subsystems and hubs Andrews-Hanna et al. 2010; Campbell et al. 2013) , the direction of differences in FC has not only been age-related decline but also age-related elevation (Westlye et al. 2011; Campbell et al. 2013; Ferreira and Busatto 2013; Eavani et al. 2016) . In particular, the anterior and posterior cortical DMN have been found to show age-related decline (Andrews-Hanna et al. 2007; Damoiseaux et al. 2008; Salami et al. 2014 ). In the bilateral medial temporal lobe (MTL), both increases and decreases in aging have been reported. Agerelated increases in FC were observed between MTL regions in a cross-sectional fMRI study (Salami et al. 2014) . Similarly, a combined fMRI/electroencephalography study reported agerelated increase in hippocampus (HC) electroencephalography beta power during rest (Balsters et al. 2013 ). Conversely, age-related decreases in MTL FC and efficiency have been reported in other studies (Achard and Bullmore 2007; Toussaint et al. 2014) . One possible explanation for discrepant findings regarding MTL FC could be that specific MTL subregions are differentially affected in aging (Small et al. 2011) . Several previous human and animal studies have revealed structural and functional variations along the anterior-posterior axis of the HC (Moser and Moser 1998; Poppenk and Moscovitch 2011; Blessing et al. 2015; Damoiseaux et al. 2016; Moscovitch et al. 2016) , which have been further corroborated on a fine-grained scale using high-resolution fMRI in young (Kahn et al. 2008; Libby et al. 2012 ) and older (Das et al. 2015) adults. In our previous cross-sectional study, age-related decreases in cortical DMN were seen along with increases in global FC in a large portion of the posterior MTL [pMTL (Salami et al. 2014) ], whereas agerelated FC decline has been seen in more anterior MTL (aMTL) subregions (Toussaint et al. 2014) . To the best of our knowledge, longitudinal data on age-related alterations across distinct MTL regions are lacking. Therefore, our primary aim here was to investigate whether 5-year longitudinal changes would differentially impact FC in aMTL and pMTL, as well as in cortical DMN, and in particular whether longitudinal evidence would be obtained for elevated FC in the pMTL (cf., Salami et al. 2014) .
Previous studies have reported coupling of FC and regional CBF, which speaks to the physiological basis of FC (Liang et al. 2013; Jann et al. 2015; Passow et al. 2015) . We previously hypothesized that increased pMTL FC could be due to progressively less inhibitory cortical input (Salami et al. 2014 ; see also Das et al. 2013 ). Relatedly, a recent animal study showed that cortical inhibitory projection promotes the excitation of hippocampal neurons (Basu et al. 2016) . It has also been proposed that HC subregions are vulnerable to age-related loss of inhibitory input, which cascades into HC hyperactivation (Leal and Yassa 2013) . Relatedly, MTL hyperperfusion has been reported for non-demented elderly individuals with increased genetic risk for AD (Fleisher et al. 2009 ), patients with MCI (Lacalle-Aurioles et al. 2014) , and AD patients (Alsop et al. 2008) . A second aim of this study was to investigate the link between FC and CBF in distinct MTL regions. We hypothesized that elevated MTL FC would be accompanied by local MTL hyperperfusion as well as disruption in cortico-MTL FC (the latter may be defined as different DMN subsystems, but will here be referred to in terms of internetwork connectivity).
Altered RS-FC in aging has been related to age-related memory changes (Fjell et al. 2015) . Our previous cross-sectional findings indicted that elevated MTL connectivity is detrimental for episodic memory in older adults (Salami et al. 2014) , but crosssectional estimates may be biased and only a longitudinal design can directly estimate within-person change (Lindenberger et al. 2011) . A third aim here was therefore to longitudinally examine the link between individual differences in 5-year change in MTL FC and 15-year change in hippocampus-based episodic longterm memory.
Methods

Subjects and Experimental Procedures
All participants in the present study were part of the Betula prospective cohort study on memory, health, and aging (Nilsson et al. 1997; Nilsson et al. 2004) . Betula is a longitudinal study containing cognitive and medical data for nearly 4500 individuals. Within the Betula 6 waves of cognitive assessment have been conducted. The waves were completed at different time (T) points: 1988-1990 (T1), 1993-1995 (T2), 1998-2000 (T3), 2003-2005 (T4), 2008-2010 (T5), and 2013-2014 (T6) . The interval between T's was approximately 5 years. At the various time points, several different samples have been included, starting with Sample 1 at T1, and Samples 2 and 3 at T2. In connection with T5, 292 participants from Samples 1 and 3 were scanned with structural and functional MRI. An additional 83 participants from a new sample recruited at T5 (Sample 5) were also included in the imaging study, adding up to 375 persons in total. From the initial sample, 37 were excluded due to technical error and/or severe motion (Frame-wise displacement >0.5) that corrupted fMRI data. All remaining participants (n = 339; 25-80 years; mean ± SD: 61.5 ± 13.3; 176 females) were native Swedish speakers, had normal or corrected-to-normal vision, and had no history of severe neurological illness or events that might cause dementia.
FMRI time series data from the participants were acquired at rest over a 6-min period. Participants were instructed to keep their eyes open during the scan and look at a presented fixation cross (for more detail, see Salami et al. 2014) . The resting-state experimental design was identical at both baseline and followup (i.e., 6-min scanning acquired on exactly the same machine using the same head coil). Of the subjects who participated in the first imaging session, 231 completed the 2013-2014 followup study at T6, but only 198 subjects (30-85 years of age; mean ± SD: 64.2 ± 13.02; 93 females) were included in this study. Reasons for exclusion included depression, Parkinson's disease, and dementia.
Imaging Methods
Structural and functional imaging was performed on a 3-T General Electric scanner equipped with a 32-channel head coil. Resting-state fMRI was acquired with a gradient echo planar imaging sequence [37 transaxial slices, thickness; 3.4 mm, gap; 0.5 mm, repetition time (TR); 2000 ms, echo time (TE); 30 ms, flip angle; 80°, field of view; 25 × 25 cm, 170 volumes]. Ten dummy scans were collected and discarded before experimental image acquisition. High-resolution T1-weighted structural images were collected with a 3D fast spoiled gradient echo sequence (180 slices; thickness, 1 mm; TR, 8.2 ms; TE, 3.2 ms; flip angle, 12°; field of view, 25 × 25 cm). At the follow-up, we additionally assessed CBF data using a background suppressed, 3D pseudocontinuous arterial spin labeling (pCASL) sequence with the following settings: stack of spiral fast spin-echo read-out, 512 sampling points on 8 spirals, FOV, 240 × 240 mm 2 ; slice thickness 4 mm; arterial labeling at the cerebellar base; 1500 ms labeling duration, 1525 ms postlabeling delay, 30 control/label pairs. CBF maps where computed showing tissue CBF in ml/min/100 g.
MRI Data Analyses
We closely followed the longitudinal preprocessing pipeline that was carried out in our previous work ). Resting-state fMRI (rs-fMRI) data of both baseline and follow-up were preprocessed using Statistical Parametric Mapping software (SPM12; Welcome Department of Cognitive Neurology, University College London, London, United Kingdom). All images were first corrected for slice timing and then rigidly aligned to the first image volume to correct for a subject's movement. A within-subject rigid registration was carried out to align structural and functional images together. Coregistered T1-images were then segmented into gray matter (GM) and white matter (WM). Then, subject-specific templates were created using diffeomorphic anatomical registration using exponentiated lie algebra DARTEL (Ashburner 2007) . This was carried out by importing GM/WM images into the DARTEL space following by a 6-steps iterative procedure (without smoothing) which produce a representative template (from baseline and follow-up) for each subject. Next, a group-specific template (using DARTEL) was created from all subject-specific templates (198 subjects). Finally, coregistered rs-fMRI data were non-linearly normalized, to the group-specific template (using flow fields from 2-steps DARTEL), affine-aligned into a Montreal Neurological Institute (MNI) template, and finally smoothed using an 8-mm full width at half maximum Gaussian filter.
Preprocessed rs-fMRI data were analyzed using temporal concatenation independent component analysis (ICA) as implemented in the GIFT toolbox (Calhoun et al. 2001a (Calhoun et al. , 2001b Allen et al. 2011) . ICA is a multivariate approach that extracts patterns of the brain (i.e., components) that are spatially independent but temporally coherent. As such, ICA provides a natural measure of FC for brain components. We used ICA, rather than seed-based approaches, to identify MTL networks as this data-driven method eliminates the arbitrary choice of MTL seed regions. Indeed, previous studies showed that ICA can successfully identify resting-state MTL subregions along the longitudinal axis (Blessing et al. 2015) . Moreover, compared with seed-based approaches which usually reflects simple pairwise correlation, ICA simultaneously takes into account the relation between all voxel, and may provide increased sensitivity to detect subtle FC differences in aging (Koch et al. 2010) . The full details of ICA analyses were given in our previous work on the baseline sample (Salami et al. 2014) . In short, a time series of each voxel was initially intensity-normalized to improve test-retest reliability of subsequent ICA output , and then normalized data for all participants were concatenated across time. Using a whole brain mask, we adjusted the default mask, generated by ICA, in order to cover the entire MTL areas in subsequent ICA analyses. Using minimum description length algorithm, 47 independent components (ICs) were estimated. Two-step data reduction was carried out using principal component analysis (PCA1: 100 components; PCA2: 47 components). Next, the Infomax ICA algorithm (Bell and Sejnowski 1995) was conducted to optimally extract 47 ICs. The latter procedure was repeated 20 times using the ICASSO toolbox (Himberg et al. 2004) , and the resulting components were clustered to estimate the reliability of the ICs. All ICs exhibited a reliability index (Iq; ranges from 0 to 1) greater than 0.90 (except one with Iq = 0.78, which was not among components of interest). Finally, a back-reconstruction using GICA3 method, which is an improved version of dual regression, was conducted ). As such, time courses (TCs) and spatial maps (SMs), both in the unit of percent signal changes, were computed for each subject. There are desirable properties in GICA3 not available in the other method, including that the aggregate SM is the sum of the subjectspecific SMs, analogous to a random effects model where the subject-specific effects are zero-mean distributed deviations from the group mean effect. As such, it was shown that noisefree ICA using GICA3 provides more robust results with a more intuitive interpretation . After visually inspecting the group average maps, 32 RSNs, including MTL and DMN, were identified. These RSNs showed peak activation in the GM, and exhibited low spatial overlap with the topology of potential artifacts (e.g., vascular, ventricle, motion, and susceptibility artifacts).
Finally, to identify common regions functionally connected to each other during both time points, a voxel-wise one-sample t-test was conducted on averaged SM of each MTL component. Thresholds were based on the distribution of voxel-wise t statistics to identify voxels most representative of each component (across subjects) using a gamma-mixture model fit controlling for a false-discovery rate (FDR) of 1% . For the MTL components, we computed 4 ICA-driven measures that reflect distinct but complementary facets of RSNs (1) Component SMs reflected the level of coactivation (connectivity) within a network in a voxel-wise manner (voxel-wise connectivity). An SM was created after the back-reconstruction step of the group ICA, which creates subject-specific maps from a corresponding group-level IC. The value of each voxel in a SM represents the degree to which the voxel is correlated with a given networks's mean TC. (2) Global indices of FC reflected a subject-specific connectivity within the entire network. As suggested by Glahn and colleagues (Glahn et al. 2010) , individual 3D subject-specific SMs for each network were concatenated into a single 4D map, and the first principal eigenvector representing the subject's connectivity was calculated within a study-specific mask of the corresponding network. The mask was generated with a Gaussian/gammamixture model fit to the intensity histogram of group ICA for each network, controlling for an FDR of 1%. (3) The subjectspecific amplitude of a TC indicated the level of activation within a network. As suggested in a paper by Allen and colleagues (Allen et al. 2012) , the amplitude was computed as a joint metric (which combines scaling information from TCs and SMs) using the TC SD, a well-characterized indicator of the spread or dispersion across the entire network, and the SM maximum value, which exhibited the amplitude of the top 20 voxels (intensity was averaged to reduce the influence of noise) most strongly associated with the corresponding TC. The TCs were detrended and despiked. In addition, motion parameters were regressed out from each component's TC (see, below for more detail). (4) The internetwork functional connectivity (IFC) reflected connectivity between networks (Jafri et al. 2008) . The IFC was estimated as Pearson's correlation coefficients between pairs of TCs that were detrended, despiked, and filtered using a fifth-order Butterworth low-pass Dissociation of Anterior and Posterior MTL in aging Salami et al. | 3955 filter (f < 0.15). Correlations were transformed to z-scores using Fisher's transformation .
CBF maps from the follow-up scans were normalized using the same transformations as the follow-up rs-fMRI scan. In addition to voxel level maps, average CBF was calculated within the aMTL and pMTL regions as well as for the posterior DMN. These regions of interest where defined from binarizing group ICA maps of the corresponding networks. Note that in all analyses, statistical control with respect to brain average CBF was applied.
MTL/DMN, Noise, and Head Motion
Previous studies have shown that non-neural activity, such as motion, have systematic effects on FC (Power et al. 2012; Van Dijk et al. 2012; Buckner et al. 2013) . We have carefully investigated the effect of motion (in this sample) on resting-state ICAdriven measures using the scrubbing (Power et al. 2012 ) and the Friston model (Yan et al. 2013 ) both pre-and post-ICA [see supplementary Fig. 2 and 5 in Salami et al. 2014] , and found very minor differences. In the current study, additional preprocessing was carried out to remove remaining noise sources from each components TC. These include scanner induced low-frequency trends, motion variance which may not be fully captured in a single component, and other non-specific spikes (Allen et al. , 2014 Di and Biswal 2014; Mayer et al. 2015) . To do so, the linear, quadratic, and cubic trends were detrended from TCs. Then, motion parameters were regressed out. In addition, an outlier removal approach, 3D Despike (http://afni.nimh.nih.gov/afni), was carried out to identify outliers based on the median absolute deviation. These outliers were then replaced with the best estimate using third-order spline fit. This method, which is similar to scrubbing (Power et al. 2012) , has been shown to efficiently reduce the effect of motion from ICA TCs (Allen et al. 2014; ). Finally, a low-pass filter with a highfrequency cutoff of 0.15 HZ was applied. To further examine the effect of motion cleaning before ICA, motion correction based on the Friston 24-parameter model (Yan et al. 2013 ) was conducted before the ICA analysis.
Longitudinal Alterations in FC and Amplitude of Distinct MTL Components
To investigate longitudinal alterations in FC of the pMTL and aMTL, a 2 (aMTL vs. pMTL global FC) by 2 (baseline vs. followup) ANOVA was carried out following by paired t-test. The latter analysis was also carried out for amplitude to investigate longitudinal changes in pMTL. To adjust for multiple comparisons, Bonferroni correction for 2 (FC and amplitude) × 2 (anterior and posterior MTL) comparisons was used.
Longitudinal Changes in Episodic Memory Over 15 Years
Episodic memory was assessed with a composite of 5 episodic memory scores, measured at 5-year intervals over a period of 20 year of the Betula study. The episodic memory composite score has a priori range between 0 and 76, with a higher score indicating better cognitive function (Josefsson et al. 2012 ). This composite score has been used in several previous works of our groups (Salami et al. 2011; Josefsson et al. 2012; Salami et al. 2012; Pudas et al. 2014; Salami et al. 2014; Boraxbekk et al. 2015) . Analyses of the internal consistency of the composite revealed a good level (Cronbach's alpha = 0.83), and the test-retest reliability was estimated to be 0.79 (Pearson correlation; Mousavi et al. 2014) . Testing procedures remained constant across measurement occasions and full details have been given previously (Nilsson et al. 1997) . In brief, the composite measure was based on (1) immediate free recall of 16 imperative verb-noun sentences that were enacted by the participant (e.g., "lift the book") (2) delayed cued recall of nouns from the previously enacted sentences (3) immediate free recall of 16 verbally and visually presented sentences of the same verb-noun format as in the enactment condition (4) delayed cued recall of nouns from the previously presented sentences; and (5) immediate free recall of 12 verbally presented concrete and abstract nouns (e.g., "watch; peace").
Slope Estimate
The individual slopes of cognitive change were estimated as the slope in a simple linear regression of cognitive score versus time. To avoid test-retest effects, T3 was chosen as a starting point for slope estimation for episodic memory, since Sample 3 had its first measurement at T2. This means that the individual slopes were estimated using up to 4 observations.
To investigate the change-change relation between MTL connectivity and episodic memory, a multiple regression were carried out between changes in voxel-wise FC of each MTL component and changes in episodic memory (controlled by sex, FD movement parameter, baseline episodic memory, and baseline FC).
Link Between CBF and FC in MTL
Several analyses were carried out to explore whether FC and amplitude in MTL components are related to local CBF. In the first set of analyses, we investigated voxel-wise correlation for both changes and follow-up FC of each MTL component and its local CBF using biological parametric mapping (Casanova et al. 2007) . Similarly, we also explored relationships between global FC and amplitude of each MTL component with the corresponding average CBF, using multiple regression approach (controlling for brain average CBF). Finally, we investigated agerelated alterations in CBF maps of the MTL components identified with ICA (controlling for GM volume).
Link Between GM Volume and FC in MTL
ICA components were used to extract averaged GM volume within each MTL component. Change-change FC-GM association were assessed through Pearson correlation coefficients. Moreover, the association between CBF and FC in the PMTL was reassessed using partial correlation controlling for GM volume changes of the pMTL. Finally, longitudinal changes in aMTL and pMTL FC were estimated using mixed model approach which allows us to adjust for time-varying GM volume.
For longitudinal alteration in FC and amplitude of distinct MTL components, Bonferroni correction for 2 (FC and amplitude) × 2 (aMTL and pMTL) comparisons was used (i.e., P = 0.01). For association between CBF and pMTL regions, Bonferroni correction for 2 comparisons (FC and amplitude) was used (i.e., P = 0.025). For all corresponding voxel-wise analyses within pMTL, we use voxel-wise P < 0.05 FDR (corrects for multiple tests performed over all component-specific voxels), with an extent threshold of K > 10 unless otherwise specified.
Results
Mapping MTL RSNs Using ICA
Our primary results stem from ICA decomposition of restingstate fMRI at a dimension of 47. This analysis resulted in highly discrete MTL components along the longitudinal hippocampal axis (aMTL vs. pMTL; Fig. 1 ). Critically, consistent with uncal apex landmark for long-axis segmentation of HC (Poppenk et al. 2013) , aMTL included foci anterior to Y = −21 mm in MNI space (aMTL; left peak cluster XYZ: −28 −12 −20; right peak cluster XYZ: 28 −10 −22), whereas pMTL included regions posterior to Y = −21 (left peak cluster XYZ: −18 −32 −14, left peak sub-cluster XYZ: −18 −26 −12; right peak cluster XYZ:16 −30 −12, right peak sub-cluster XYZ:18 −24 −10). Moreover, 3 cortical DMN components (out of 32 RSNs), including 2 posterior components and 1 anterior component, were identified (Supplementary Fig. 1 ).
Longitudinal Age-related Alterations in FC of MTL Components
We found a dissociation between aMTL and pMTL. A 2 (aMTL vs. pMTL global FC) by 2 (baseline vs. follow-up) ANOVA revealed a significant interaction effect (F (1197) = 129.67, P < 0.001; Fig. 2A) . A follow-up paired t-test revealed that FC within aMTL declined longitudinally (baseline: 0.05 ± 0.01; follow-up: 0.04 ± 0.01; t (197) = 7.76, P < 0.001 [unit of global FC is percent signal changes], whereas FC within pMTL increased (baseline: 0.04 ± 0.008; follow-up: 0.05 ± 0.009; t (197) = 7.41, P < 0.001). Similarly, voxel-wise analyses of FC within aMTL and pMTL, respectively, revealed longitudinal decreases (LHC: XYZ: −24 −16 −20, t = 8.75; RHC: XYZ: 24 −10 −14, t = 3.80, P's<0.05 FDR-corrected over all component-specific voxels) and increases (LPHC: XYZ:−12 −22 −18, t =16.67; RPHC: XYZ: 22 −30 −18, t = 18.01; P's < 0.05 FDR-corrected over all component-specific voxels; Fig. 2C ). Thus, aMTL and pMTL exhibited opposite trajectories of longitudinal changes in FC, with 2 clusters in the aMTL showing decreased FC with the mean aMTL network TC, whereas 2 clusters in the pMTL showed increased FC with the mean pMTL network TC (this effect was observed regardless of whether motion was regressed out pre-or post-ICA ( Supplementary Fig. 2 ).
To further examine longitudinal elevation in pMTL, we extracted an additional ICA-driven measure, which reflects the level of activation (i.e., amplitude) within a network. We found a significant increase in amplitude (baseline: 8.31±4.90; followup: 11.36 ± 5.85; t (193) = 7.20, P < 0.001). Interestingly, the degree of amplitude increase accelerated with advancing age ( Fig. 2B ; P-value = 9.7e-09). To investigate the onset of change, we explored the first derivative of the amplitude as a function of age. Using a finite difference approximation along with confidence regions given by ±2 × standard errors of the derivative approximation, we found that the derivative appears to increase from zero Beginning at age 50, but the entire confidence region is above zero at age 60
Internetwork Coupling Between MTL and Cortical DMN
The internetwork connectivity analyses showed a longitudinal decline in internetwork connectivity of the pMTL with anterior (baseline: 0.11 ± 0.21; follow-up: 0.02 ± 0.23; t (193) = 4.71, P < 0.001) and posterior (baseline: 0.16±0.18; follow-up: 0.13 ± 0.20; t (193) = 2.05, P = 0.04) cortical DMN components. Thus, with increasing age, the pMTL, which exhibited elevated FC over time, tended to show less FC with the cortical DMNs.
MTL Hyper-connectivity in Relation to GM Volume and Perfusion
Increased pMTL connectivity might be explained by longitudinal changes in GM volume. No significant change-change FC-GM association was found in pMTL (P > 0.1). Moreover, elevated FC in pMTL remained significant after controlling for changes in local GM volume (Supplementary Fig. 3 ). Next, relative CBF (residulized with regard to mean brain CBF) was related to both FC and amplitude in the pMTL. We found significant voxel-wise associations for both elevated and follow-up FC with local CBF in right pMTL (XYZ: 28 −32 −12; r (elevated FC, CBF) = 0.24, r (follow-up FC, CBF) = 0.23; P < 0.001 (cluster significant at P < 0.05 FWE with voxel-wise threshold of P < 0.001 (uncorrected)); Fig. 3A ). This associations in right pMTL remained significant after controlling for are overlaid on the sample-specific template created using DARTEL. The white line represents Uncal apex landmark (Y = −21) which has been shown to be a reliable landmark for long-axis segmentation of the HC (Poppenk et al. 2013). changes in GM volume (r = 0.23). Similarly, we also found a significant associations between amplitude and CBF in pMTL (r = 0.17, P = 0.01). Critically, this association remained significant after controlling for changes in GM volume (r = 0.15, P = 0.02). As a further assessment of GM volume influences, we eroded the pMTL component SM from which the CBF data was extracted. To do so, we increased the threshold on the pMTL component such that only 15% of top voxels of the original pMTL was preserved. Then, we extracted the average CBF values from this stricter mask. This marginally increased the association between CBF and amplitude (r = 0.19, P = 0.008), which suggest that the reported result was unlikely to be driven by partial volume effects. An assumptionfree GAM model fit indicated age-related increases in perfusion of the pMTL (P = 7.6×10 −5 ; Fig. 3B ). A finite difference approximation of the first derivative along with 95% confidence limits confirmed a reliable increase in pMTL perfusion beginning at age 70 years (this effect was observed after controlling for GM volume; Supplementary Fig. 3D ). This finding indicates that elevated FC in the pMTL is metabolically demanding. No age differences in CBF were found for the aMTL (GAM P = 0.102; Supplementary Fig.4A )
MTL FC Changes in Relation to Change in Episodic Memory
We examined how episodic-memory change over 15 years related to 5-year changes in FC of the aMTL and pMTL. A voxel-wise analysis of the relation between changes in FC of the pMTL and changes in episodic memory revealed a significant negative association in left parahippacampus (XYZ: −28, −26, −18, t=3.20, P < 0.001; see Fig. 4 ), suggesting that individuals with a greater increase in FC showed steeper decline in episodic memory. No significant change-change association was found for the aMTL.
Discussion
The main aim of this study was to investigate whether 5-year longitudinal FC changes would differentially impact the aMTL and pMTL, and in particular whether longitudinal evidence would be obtained for elevated FC in the pMTL. We identified distinct aMTL and pMTL components. Several previous human and animal studies showed structural and functional variations along the anterior-posterior axis of the HC (Moser and Moser 1998; Poppenk and Moscovitch 2011; Blessing et al. 2015; Moscovitch et al. 2016 ). In addition, neuroimaging studies of the resting brain using high resolution fMRI found fine-grained parcellation of MTL networks in young (Kahn et al. 2008; Libby et al. 2012 ) and older (Das et al. 2015) adults. Our observation further demonstrates, in an age-heterogeneous sample covering the adult entire lifespan, that MTL contains functionally distinct circuits along the longitudinal axis. The longitudinal analysis of changes within MTL components revealed an intriguing opposite pattern, such that the degree of FC within the aMTL declined after age 60, whereas elevated FC (and amplitude) was observed within the pMTL. The finding that both networks are vulnerable to aging is in contrast with some previous cross-sectional studies suggesting that age-related alterations only occur in the pMTL (Yassa et al. 2011; Damoiseaux et al. 2016 ). However, recent RS studies demonstrate that both these MTL networks are affected in the prodromal stage of AD (Das et al. 2015 ; for review see; Ranganath and Ritchey 2012) , with some evidence for elevated FC within MTL subregions in both healthy older adults (Eavani et al. 2016) and MCI patients (Das et al. 2015) . MTL has repeatedly been shown to be a part of the widely studied DMN (Greicius et al. 2003; Buckner et al. 2008; Salami et al. 2014) . Previous crosssectional studies indicated heterogeneous effects of age across cortical and MTL DMN subsystems (Campbell et al. 2013; Ferreira and Busatto 2013; Salami et al. 2014) . Correspondingly, we found longitudinal support for FC decline of different parts of the cortical DMN (supplementary Fig. 1 ). Taken together, the current finding provides novel longitudinal evidence that the influence of advancing age is not homogenous within the DMN, or even within MTL DMN subsystems.
The second aim of the study was to investigate the link between FC and perfusion in distinct MTL regions. We hypothesized that elevated MTL FC would be accompanied by a disruption in cortico-MTL FC as well as local MTL hyperperfusion. The analyses of internetwork connectivity between the pMTL with the cortical DMN showed that the degree of coupling between the pMTL with both the anterior and the posterior DMN declined longitudinally. This finding suggests that longitudinal elevation in FC of the pMTL could be a result of reduced cortical input (cf., Salami et al., 2014) . It has been argued that elevated HC connectivity might be distally driven by destabilized neural activity in cortical DMN, which might be potentially induced by amyloid accumulation (Palop and Mucke 2010) . Thus, it seems plausible that elevated FC in pMTL resulted from less cortical inhibitory signal. Moreover, previous studies have reported coupling of FC and regional CBF, which provide a direct and quantitative measures of physiology and metabolism of RSNs (Liang et al. 2013; Jann et al. 2015) . Our analyses of the relation between both changes and follow-up FC with perfusion revealed a positive association in pMTL, suggesting a tight coupling between blood supply and FC. The latter along with the finding of age-related increased perfusion of the posterior MTL suggest that increased FC in pMTL is a metabolically demanding alteration. A recent study found that cortical disinhibition was associated with increased metabolic demands in the HC (Gilani et al. 2014 ). Thus our finding of age-related hyperperfusion further supports that reduced cortical inhibition of the pMTL underlies age-related increases in FC. Additionally, elevated MTL resting perfusion has been reported for non-demented elderly individuals with increased risk for AD (Fleisher et al. 2009 ), patients with MCI (Lacalle-Aurioles et al. 2014), and AD (Alsop et al. 2008) . Our cross-sectional finding suggests that elevated perfusion in MTL might be a continuum between normal cognitive aging, MCI, and AD. In spite of an important overlap in pMTL across normal and pathological aging, noteworthy discrepancies found for perfusion profiles of other critical large-scale networks such as the posterior DMN. Whereas hypometabolism in the PCC have been consistently reported in MCI and AD (Jagust and Landau 2012; Lacalle-Aurioles et al. 2014) , preserved PCC metabolism was found in the current study ( Supplementary Fig. 4B ), which confirms differences in perfusion profile of AD patients and healthy individuals in our sample.
A final purpose of the study was to longitudinally examine the link between individual differences in 5-year change in MTL FC and 15-year change in hippocampus-based episodic long-term memory. The results revealed a negative association between changes in pMTL and EM. This finding contrasts with a positive association found between homotopic hippocampal connectivity and free recall in a sample of young individuals (Wang et al. 2010 ), but concurs with our previous crosssectional result that elevated MTL connectivity is detrimental for episodic memory in elderly people (Salami et al. 2014 ). Also, a recent longitudinal RS study showed that memory changes were related to altered FC in an age-dependent manner, although the underlying mechanism remained to be specified (Fjell et al. 2015) . A plausible mechanism underlying negative association between changes in EM and changes in FC, as shown in our previous study, is that elevated MTL connectivity in aging at rest leads to failure in hippocampal decoupling (i.e., prevention in efficient hippocampal-cortical connectivity) during active task, which in turn cascades into age-related decline in EM performance (Westlye et al. 2011; Salami et al. 2014 ). More specifically, elevated hippocampal coupling at rest was associated with reduced functional integration of HC with other regions, such as the prefrontal cortex, during EM encoding (Salami et al. 2014) . Speculatively, elevated FC in PMTLmight be due to progressively less inhibitory cortical input. Reduced inhibitory input has been shown to lead to increased FC in motor cortex in studies of amyotrophic lateral sclerosis (ALS; (Douaud et al. 2011) ). Critically, in the context of aging, it has also been proposed that MTL subregions are vulnerable to agerelated loss of inhibitory input, which cascades into MTL hyperactivation (Leal and Yassa 2013) . Despite negative EM-FC change-change association in the pMTL, no association was found for the aMTL. Relatedly, it has been proposed that pMTL is more likely to be involved in memory, whereas the anterior hippocampus is more involved in other complex behaviors such as emotion, sensory-motor integration and goal-directed activity (Bast and Feldon 2003; Fanselow and Dong 2010; Lau et al. 2010; Small et al. 2011) . Another line of research, however, suggested that aMTL is more engaged during associative memory encoding (Chua et al. 2007; Salami et al. 2012 ), whereas pMTL is more activated during item memory retrieval (Sheldon and Levine 2015) . The dichotomy view of functional role of the MTL longitudinal axis has recently been seriously challenged (Strange et al. 2014) , and thus call for new research to determine the precise contribution of distinct parts of MTL to longterm memory system. In summary, our results provide the first longitudinal evidence for opposing effects of advancing age on FC of the pMTL and aMTL. The elevated FC in pMTL, which was accompanied by local increase in perfusion was detrimental for episodic memory performance, and could thus be served as a sign of brain dysfunction in aging that precedes emergence of clinical manifestation.
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